Swirling jet characteristics in a commercial burner are studied computationally. The analysis includes a 2D axisymmetric model of the burner which is extended to three dimensions with some preliminary results. In the current study, k-ε and RSM turbulence models were used to simulate the flow field. Specific computational strategies that were adopted to model the swirling flow are also discussed. It was found that the swirl component in the flow caused a flow reversal along the axis resulting in the formation of centretoroidal zone. Case studies ranging from low swirl number of 0.97 to swirl number 6.75 are presented. The vortex size seems to exhibit two types of behavior. For low swirl numbers, the vortex size takes discrete sizes depending on various ranges of swirl numbers. For large swirl numbers, the vortex size seems to demonstrate a continuous increase.
INTRODUCTION
The ability to predict the properties of swirling flows is of great industrial and academic importance. A model for achieving this is essential to determine the performance of practical swirl stabilized combustion systems. Swirl in the air flow is used to not only improve and control the mixing process between fuel and oxidant streams but also to achieve flame stabilization [1] . Swirl in the oxidizer stream also has an effect on pollutant formation during the reaction process by increasing the residence times for the fuel stream. Because of the performance requirements on the design of gas turbine engines, there is considerable interest in identifying optimal swirl conditions to achieve specific practical goals in actual flight regimes, such as reduced emissions, improved efficiency and stability [1] .
One of the main features that is usually observed in swirling flows is the formation of centretoroidal recirculation zone around the axis of the jet. Earlier studies have shown that swirl of sufficient strength produces an adverse pressure gradient along the axis, which can promote flow reversal or vortex breakdown [1] . Many factors such as inlet conditions, geometry, tangential velocity profile and axial velocity affect the process of vortex evolution and breakdown process [1] . Formation of toroidal vortex facilitates the stabilization of the combustion process in a compact region within the combustion chamber.
It was found that, the velocity field is sensitive to flow parameter variation for intermediate and low swirl intensity. Also, it was found to be easier to obtain axisymmetry for the flows with high swirl number rather than the flows with intermediate and low swirl numbers [2] .
We will utilize FLUENT [3] for the numerical analysis of the swirling flow field. The various flow parameters governing the flow field are Reynolds number and Swirl number. The swirl number given by equation (1) is defined as the ratio of axial flux of angular momentum to the axial flux of axial momentum [1] .
dr r u dr r uw S (1) where u and w are the axial and swirl components of velocity respectively, ρ is density, r is the radial co-ordinate and R i and R o is the inner and outer radii of the swirl inlet. The turbulence models required to simulate the swirling flows depend on the strength of the swirl, which can be gauged by the swirl number.
For weak to moderate swirl, k-ε turbulence model yields better results [2] . For highly swirling flows, the Reynolds stress model (RSM) is recommended [3] .
NUMERICAL PROCEDURE
A 2D axisymmetric swirl model was used to analyze the flow. Figure1 shows the discretized numerical domain with boundary conditions. The assumption of axisymmetry implies that there are no circumferential gradients in the flow. The domain consisted of three velocity inlets located adjacent to each other circumferentially. Inlets 1, 2 and 3 are marked as velocity inlets. Flow through inlet 1 and inlet 3 is purely axial, while inlet 2 has a swirl component of velocity in addition to the axial component. The fluid flow is assumed to be isothermal and incompressible and is emitted into free space so that there are no confining walls.
Fig.1 Geometry of the domain
The magnitude of the velocities imposed are in accordance with experimental measurements from a test burner. Inlet 1 has a purely axial velocity of magnitude 0.39 m/s while inlet 3 has a magnitude of 1.96 m/s. Inlet 2 has an axial velocity magnitude of 1.33 m/s while the swirl component was varied depending on the swirl number requirements. The Reynolds number corresponding to the total mass flow rate through the 3 velocity inlets was set to be a constant at 10250. Pressure inlet boundary condition with total pressure set to zero is assigned as shown in Figure 2 , due to the reason that these boundaries are open to atmosphere and allow for entrainment of air through these surfaces. Due to the steep gradients in the mixing layers between the three velocity inlets, the grid was sufficiently refined in these regions. A boundary layer grid, expanding from left to right is created to reduce computational cost. This resulted in high concentration of cells near the inlets where the gradients are high. For any problem, it is important to first assess the dependence of the results on the mesh used. The model was checked for grid independent solution i.e., the mesh with lowest possible number of cells, which gives the same results as that of a mesh with higher number of cells, is considered to be the final model for the analysis with a concern for the reduced computational time. In the current analysis, three different grids with 20000, 80000 and 320000 cells were analyzed. These grids are obtained by using the grid adaption feature in FLUENT, with 20000 cells being the initial test case.
Flow field with no swirl was solved using the standard k-ε turbulence model as a first step baseline case for comparison. While moving downstream, the jet cross section will increase due to entrainment. This entrainment is due to a small pressure difference between the surrounding and the jet flow [4] . With the k-ε calculations as the initial solution, RSM turbulence model was used to solve the flow with a component of swirl added to the velocity inlet 2. The swirl component in the flow may lead to large complex forces and coupling between the momentum equations in the various flow directions. .
Solution Strategies for Axisymmetric Swirling Flows [3]
The difficulties associated with solving swirling and rotating flows are a result of the high degree of coupling between the momentum equations, which is introduced when the influence of the rotational terms is large. A high level of rotation introduces a large radial pressure gradient which drives the flow in the axial and radial directions. This, in turn, determines the distribution of the swirl or rotation in the field. This coupling may lead to instabilities in the solution process, and special solution techniques are required in order to obtain a converged solution. Solution techniques that are adopted to model the swirling or rotating flow are as follows:
• PRESTO! scheme (enabled in the Pressure list for Discretization in the solution controls panel), which is well-suited for the steep pressure gradients involved in swirling flows, is used.
• Mesh is sufficiently refined to resolve large gradients in pressure and swirl velocity.
• Under-relaxation parameters on the velocities are set in between 0.3-0.5 for the radial and axial velocities and 0.8-1.0 for swirl.
• Sequential step-by-step procedure as described in the following sections is used, in which some equations are temporarily left inactive.
• Calculations are started using a low rotational speed or inlet swirl velocity, increasing the rotation or swirl gradually in order to reach the final desired operating condition.
Step-By-Step Solution Procedures for Axisymmetric Swirling Flows [3] Often, flows with a high degree of swirl or rotation are easier to solve if we use the following step-by-step solution procedure, in which only selected equations are left active in each step. This approach allows us to establish the field of angular momentum, then leave it fixed while we update the velocity field, and then finally to couple the two fields by solving all equations simultaneously.
In this procedure, the Equations list in the solution controls panel is used to turn individual transport equations on and off between calculations.
Axisymmetric option instead of the
2. Then, axisymmetric swirl option is used with all the rotating/swirling boundary conditions. 3. Prediction of the rotating/swirling flow is started by solving only the momentum equation describing the circumferential velocity. This is the Swirl Velocity listed in the Equations list in the solution controls panel. Since the flow also involves a turbulent flow simulation, the turbulence equations are also set active during this step. This step will establish the field of rotation throughout the domain.
4. The momentum equations were turned off describing the circumferential motion (Swirl Velocity). Leaving the velocity in the circumferential direction fixed, the momentum and continuity (pressure) equations (Flow in the Equations list in the solution controls panel) in the other coordinate directions are solved. The axial and radial flows that are a result of the rotation in the field are established. Again, since the problem involved turbulent flow, the turbulence equations are set active during the calculations.
5. Finally all the equations are turned on simultaneously to obtain a fully coupled solution.
Because the rotation or swirl defined by the boundary conditions can lead to large complex forces in the flow, FLUENT calculations will be less stable as the speed of rotation or degree of swirl increases. Hence, one of the most effective controls applied to solve the rotating flow problem is to start with a low rotational speed or swirl and then slowly increase the magnitude up to the desired level. The procedure adopted for accomplishing this is as follows:
1. The problem was set up using a low rotational speed or swirl velocity in the inputs for boundary conditions. The rotation or swirl in this first attempt is selected as 20% of the actual operating conditions. 2. The problem is solved at these conditions using the solution strategies for axisymmetric swirling flows.
3. This initial solution data was saved. 4 . Then the inputs (boundary conditions) are modified by increasing the speed of rotation.
5. The calculation is restarted using the solution data saved in step 3 as the initial solution for the new calculation. Then the new data is saved.
6. The speed of rotation is continuously increased, following steps 4 and 5, until the desired operating condition is reached. Figure 3 shows the plot between number of cells and maximum turbulence kinetic energy for S=0.35. It was observed that the maximum Turbulence Kinetic Energy (TKE) occurred at the impending recirculation region on the axis which was also a region of high velocity gradients. The value of the maximum TKE was different for grids with 20000 and 80000 cells and remained relatively constant for the grids with 80000 and 320000 cells; hence it was assumed that 80000 cells were sufficient for achieving grid independence and was used for all future similations. There are numerical challenges associated with modeling swirling flows owing to the high degree of coupling between the momentum equations. In order to mitigate these challenges, a segregated solver is used. A segregated solver solves the flow equations sequentially and iteratively finally arriving at a solution to the complete set of mass and momentum equations. This was found to be numerically advantageous in terms of computational cost.
The analysis was also extended to a 3D domain. Figure 4 shows the 3D domain with boundary conditions. Similar to figure 2, the 3D domain also includes three velocity inlets. Inlet two is a swirler slot which facilitates the swirling motion of the flow. Due to the fact that the burner exhibits a six fold periodic construction, the side-face boundaries are assigned to be rotationally periodic. 
RESULTS AND DISCUSSIONS
Results from the numerical simulations are presented as streamline patterns and velocity profiles along the axis, as well as contour plots. Figure 5 is the plot of the axial velocity vs. axial position along the axis for a case of S=1.73 from the 2D model. The plot only includes half the domain length in order to clearly demonstrate the velocity variation near the inlet. As can be seen from this figure, there are two stagnation points within which the vortex is sustained. Firstly, the flow is initially accelerated near the inlet owing to momentum exchange between the faster moving outer streams and the slow moving inner stream. Secondly, the swirling flow creates an adverse pressure gradient on the axis causing a flow reversal in a small region. This region is clearly marked in the figure 5 as the region between S1 and S2, the two stagnation points where the velocity is zero. This region is also characterized by a swirling three dimensional vortical structure (see figure 9 ) which, in a practical combustor is responsible for enhanced mixing and stable combustion. Figure 7 shows the path lines of axial velocity at S=0.97. At this swirl number, no vortex is observed due to the swirl number being less than the critical swirl number required to create an adverse pressure gradient strong enough to create a recirculation. For this case, the fluid particles were observed to move in a streamlined flow pattern. Figure 7 also shows radial diffusion of axial momentum as can be seem from the contour color map. It must be mentioned that this case shows no recirculation on the axis. It is evident from the plots that, the addition of swirl to a translational jet has a significant effect on the entrainment, which is enhanced by both the swirl and the large scale vortical flow structures. A detailed visualization of the flow dynamics indicates that vortex structures in turn play an important role in determining the location and size of recirculation. Figure 10 and Figure 11 are the contour plots of swirl velocity at S=1.05 and S=1.73 respectively. It was observed that the swirl in the flow is dissipated near the velocity inlet at the expense of enhanced entrainment. Comparing figures 10 and 11, it can be seen that at higher swirl numbers, the distance at which the swirl intensity goes to near zero values is increased. Fig.10 Contour plot of swirl velocity at S=1.05
For higher swirl numbers, the swirl velocity decreases sharply near the inlet possibly due to enhanced entrainment of the surrounding fluid. This enhanced entrainment results in formation of large scale vortical structures, which were observed during pathline visualization. In contrast, at low swirl numbers, due to reduced entrainment, vortex structures formed are small compared to that of one with higher swirl numbers. Figure 12 is a preliminary result obtained from the 3D flow simulation using k-ε model. It shows a vector plot of the velocity vectors in a plane including the axis. As can be seen from this plot, a vortical structure is observed near the three inlets, which has been known to be responsible for bringing fuel and oxidizer into contact in a practical combustion system. Since this simulation involved no swirling fields, no recirculation was observed on the axis for this case. These preliminary three-dimensional simulations will be extended to include swirl to study the flow behavior at these conditions as well as to test the validity of the two-dimensional axisymmetric simulations. These simulations will initially involve RANS approach using RSM model but will also be extended to include LES to understand the mixing characteristics in swirl stabilized spray flames. The vortex size increases with increase in swirl strength.
• When the swirl number is relatively small, there is negligible reverse flow. As the swirl number increases and reaches a critical value the flow reversal takes place resulting in formation of the toroidal vortex.
